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ABSTRACT
The growing interest in and expanding applications of small satellite constellation networks necessitates
effective and reliable high-bandwidth communication between spacecraft. The applications of these constellations (such as navigation or imaging) rely on the precise measurement of timing offset between the
spacecraft in the constellation. The CubeSat Laser Infrared CrosslinK (CLICK) mission is being developed
by the Massachusetts Institute of Technology (MIT), the University of Florida (UF), and NASA Ames Research Center. The second phase of the mission (CLICK-B/C) will demonstrate a crosslink between two
CubeSats (B and C) that each host a < 2U laser communication payload. The terminals will demonstrate
full-duplex spacecraft-to-spacecraft communications and ranging capability using commercial components.
As part of the mission, CLICK will demonstrate two-way time-transfer for clock synchronization and data
transfer at a minimum rate of 20 Mbps over separation distances ranging from 25 km to 580 km. The
payloads of CLICK B and C include a receiver chain with a custom photodetector board, a Time-to-Digital
Converter (TDC), a Microchip Chip-Scale Atomic Clock (CSAC), and a field-programmable gate array
(FPGA). The payloads can measure internal propagation delays of the transmitter and the receiver, and
cancel environmental effects impacting timing accuracy. The photodetector board is 2.5 cm x 2.5 cm and
includes an avalanche photodiode (APD) and variable-gain amplifiers through which the detected signal is
conditioned for the TDC to be time-stamped. This design has been developed from the UF and NASA Ames
CubeSat Handling Of Multisystem Precision Time Transfer (CHOMPTT) project and associated MOCT
(Miniature Optical Communication Transceiver) demonstration. The TDC samples the signal at four points:
twice on the rising edge at set thresholds, and twice at the falling edge at those same thresholds. These
four time-offset samples are sent to the FPGA, which combines the measurements for a reported timestamp
of the detected laser pulse. These timestamps can then be used in a pulse-position modulation (PPM)
demodulation scheme to receive data at up to 50 Mbps, to calculate range down to 10 cm, and for precision
time-transfer with < 200 ps resolution. In this paper, we will discuss the designed capabilities and noise
performance of the CLICK TDC-based optical receiver chain.
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nar orbit and ground stations on Earth in 2013.3 The
lunar-orbiting satellite called the Lunar Atmosphere
and Dust Environment Explorer (LADEE) communicated with optical ground stations on Earth. The
system uses the 1.5 µm band with 4 PPM uplinks of
10-20 Mbps and 16 PPM downlinks from 39 Mbps 622 Mbps.3 The LADEE satellite was a small satellite of 383 kg at launch and a total power consumption of 295 W.4
The Time-Transfer by Laser Link (T2L2) mission
of the National Center for Space Studies (CNES)
and Côte d’Azur Observatory (OCA) applied satellite laser ranging (SLR) techniques to perform timetransfer between the the T2L2 payload on the Jason2 satellite and Earth ground stations.5 SLR
can be used to perform half-duplex two-way timetransfer. In half-duplex two-way time-transfer, one
terminal (the spacecraft) only needs a reflector and
detector, not its own transmitter. In 2009, T2L2 has
achieved time-transfers with under 100 ps accuracy
to various ground stations.5 The T2L2 payload had
a mass of 10 kg and consumed 45 W.
The University of Florida CubeSat Handling
of Optical Multisystem Precision Time-Transfer
(CHOMPTT) mission was developed to demonstrate time-transfer through SLR on a CubeSat platform. CHOMPTT is a 3U CubeSat with a 1U mission payload. CHOMPTT launched in 2018 and
has a total mass of 3.7 kg and consumes at maximum 5 W. Laboratory testing indicates a short
term time-transfer precision of less than 200 ps.6
CHOMPTT also measured the timing performance
of Chip Scale Atomic Clocks (CSACs) in orbit found
that the CSAC timing stability exceeds the manufacturer specification by roughly a factor of three.7 The
CLICK mission will be using CSACs as the payload
clocks.
These highlighted missions exemplify the possibility of optical links for data transfer using spacecraft, as well as the trend to reduce SWaP of these
optical payloads. CLICK will continue to expand
the reliability and performance of optical communication in low SWaP packages.

Introduction
The expanding interest in satellites as a platform for data collection, navigation support, and
information relaying highlights the need for reliable
and secure high data transmission rates between terminals and precision time-transfer. Earth imaging
missions, synthetic aperture radar (SAR) constellations, and wireless communications are a few examples of missions that rely on the improvement of data
transfer speeds and precise timing data. This can
be provided by optical communication technology.
Laser technology has the means to transmit high
data rates with systems that are of smaller size and
lower power than comparable RF systems. Laser
links are point-to-point communication and therefore potentially more secure than RF, but require
precision pointing capabilities.1 Using commercial,
off-the-shelf (COTS) components can make optical communication systems cost-effective and more
accessible for missions. Developing reduced size,
weight, and power (SWaP) optical communications
systems also eases the competing constraints on the
other hardware/payloads sharing the spacecraft bus.
The CubeSat Laser Infrared CrosslinK (CLICK)
mission is a collaboration between the Massachusetts
Institute of Technology (MIT), the University of
Florida (UF), and NASA Ames Research Center.
The CLICK mission consists of two phases: CLICKA and CLICK-B/C. CLICK-A is a 3U CubeSat and
serves as a risk-reduction mission and will demonstrate a > 10 Mbps downlink to the Portable Telescope for Lasercom (PorTeL) optical ground station. CLICK-B/C consists of a pair of 3U CubeSats
that will have CLICK-A downlink capabilities and
also demonstrate a laser crosslink with data transfer
rates > 20 Mbps.2
Free-space Optical Communication
Although optical communication systems require
higher pointing accuracy than RF systems, optics
still offers several advantages. The RF spectrum is
heavily regulated and crowded due to finite bandwidth availability. Additionally, as a result of a narrower beam, optical communication offers greater
security. Also, optical communication are more efficient over greater distances than RF, which makes
it valuable for interplanetary links. Optical systems
can also have lower size, weight, and power (SWaP)
than RF systems of similar capabilities.
The NASA Lunar Laser Communication Demonstration (LLCD) mission successfully performed duplex laser communication between a satellite in luCoogan

Time-Transfer
A clock is composed of an oscillator and a counter
to mark complete cycles of the oscillator over time.
Two independent clocks will output two independent
readings of time. The output of a clock is affected by
the statistical characteristics of its oscillation (the
fluctuations in phase and frequency) and its reference frame (related to relativistic physics). These
two phenomena result in two theoretically identical
2
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transponder, and internal equipment delays.8 Many
of these terms can be computed or accounted for in
advance of the time-transfer experiment. Equation 3
displays these terms for more intuitive understanding, where the difference between clock 1 (with time
T1 ) and clock 2 (with time T2 ) is impacted by the
counter difference ∆Tc , the signal path delays ∆Tpd ,
the transponder signal delays ∆Tsignal , and equipment delays E.

clocks having distinct output measurements of time.
This difference between two clocks can be written as
in Equation 1, where χ is the offset between the two
clocks, t1 is the time recorded according to clock 1
at a given moment, and t2 is the time recorded according to clock 2 at the same given moment.
χ = t2 − t1

(1)

Precise measurement of this time difference between two clocks and the ability to correct and synchronize the clocks is important for many fields,
notably navigation. At a fundamental level, timetransfer is the relay of timing information from one
timing system to another. This information can be
transferred in either a single direction (one-way) or
exchanged between both clock sites (two-way). Over
long distances, this information relay is commonly
performed via radio communication. However, freespace optical communication is being increasingly
explored as a method of precision time-transfer as
a result of the various advantages optical communication provides over radio previously discussed.
The clock error between two spacecraft is defined
in Equation 2 for a pulsed-laser link time-transfer
scenario. In Equation 2, χ is the clock offset, tT1 X
is the time according to spacecraft 1 at the moment
of laser pulse transmission (TX), tRX
is the time
2
according to spacecraft 2 at the moment the laser
pulse is received (RX), and τ is the light-travel time
of the pulse.
χ = tRX
− tT1 X − τ
2

T1 − T2 = ∆Tc + ∆Tpd + ∆Tsignal + E

Two methods for two-way time-transfer exist: half-duplex and full-duplex. The half-duplex
method is essentially a one-way system that is returns or reflects a signal back to the original transmission terminal.8 In this setting, the average of the
round trip path delay is used as the one-way path
delay between the two terminals. A full-duplex twoway time transfer is performed by the two-terminals
simultaneously transmitting a signal to each other.8
The full-duplex method can add additional mission
operation complexity due to transmission and reception being performed by both terminals.
The second phase of the CLICK mission,
CLICK-B/C, will perform two-way, full duplex,
spacecraft-to-spacecraft laser time-transfer. In this
method, a terminal will be triggered to transmit a
pulse based on the terminal receiving a pulse. This
way, the timing of a transmitted pulse will be based
on the time a pulse was received at the terminal.
The delay between a terminal receiving a pulse and
then transmitting a return pulse can be quantified
based on electronic system delays. An advantage
of two-way laser time-transfer over a spacecraft-tospacecraft crosslink is that position information of
the two terminals is not needed.9 The crosslink path
is the range between the spacecraft and can be calculated.

(2)

Measurements of the clock offset between two
spacecraft are intrinsically paired with the range between them, as highlighted by the inclusion of the
light-travel time term. CLICK will perform timetransfer between two spacecraft in the same orbit
and orbital plane, as pair with a leader and a follower. Though two-way time-transfer requires more
complex hardware (with at least one terminal having both the capability of transmitting and receiving signals) than one-way time-transfer, it has the
advantage of not being limited in accuracy by position knowledge of the terminals performing timetransfer.8 This is because the transmit and receive
signal paths are practically identical in magnitude
and cancel out.
The time difference between two clocks is impacted by the counter difference between the clocks,
the difference in signal path delays (affected by atmosphere composition) of the time-transfer (which
is 0 in the case of reciprocal transmit and receive
paths), the signal delays which based on the satellite
Coogan

(3)

The CLICK Mission
The Cubesat Laser Infrared CrosslinK mission is
a low-Earth orbit (LEO) satellite technology demonstration composed of two phases: CLICK-A and
CLICK-B/C. CLICK-A is a 3U CubeSat that will
demonstrate a > 10 Mbps laser downlink to an optical ground station and serves as a risk-reduction
mission. CLICK-A launches in Summer 2022 and
will then deploy from the International Space Station (ISS) during Summer 2022. CLICK-B/C is a
pair of identical 3U CubeSats that will demonstrate
spacecraft-to-spacecraft laser crosslinks with data
rates of ≥ 20 Mbps over separation distances ranging from 25 km to 580 km. The mission also seeks
3
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Figure 1: CLICK-B/C concept of mission operations.
to demonstrate a ranging precision of better than
50 cm and time transfer with at least 200 ps of timing accuracy over this distance.10 The CLICK-B/C
spacecraft will also have the same laser downlink capabilities of the CLICK-A CubeSat. CLICK-B/C is
expected to launch in Summer 2023. All three spacecraft busses are developed by Blue Canyon Technologies. The payloads are developed as a collaboration
between the Massachusetts Institute of Technology
(MIT), the University of Florida (UF), and NASA
Ames Research Center. The CLICK-B/C payloads
each have a mass of approximately 1.5 kg and will
run on < 30 W while transmitting/receiving.
Figure 1 shows the mission concept of operations
(CONOPS). The two CLICK-B/C spacecraft will be
deployed in LEO within the same orbital plane with
one spacecraft leading and the other following. The
spacecraft will then perform differential drag maneuvers to establish relative ranges. All spacecraft operations (including drag maneuvers and laser communication experiments) will be scheduled by the
mission operations center via S-band radio contacts
with three ground antennas in the KSAT Lite global
network.11 Additionally, downlink experiments similar to those slated for the CLICK-A mission will be
conducted using the PorTeL optical ground station
located at MIT Wallace Astrophysical Observatory.
In preparation for a laser crosslink experiment,
the two spacecraft will exchange ephemeris information provided by the mission operations center for
coarse pointing in order to close an S-band radio
crosslink. This radio crosslink is then used to exchange navigation data provided by on-board Global
Positioning System (GPS) receivers. This data is
used to maintain accurate open-loop pointing of the
payload apertures for up to 2 minutes prior to timeout if closed-loop tracking is not initiated.11 During
Coogan

this time, a beacon laser (974 nm, 250 mW average
power) on each payload is activated to be detected
by the spacecraft payload tracking camera. This is
used to align the communications receiver (APD)
with the data transmission signal.
CLICK B/C Receiver Chain Hardware
The hardware developed for performing optical time-transfer through the crosslink between
the CLICK-B and CLICK-C spacecraft is adapted
from the University of Florida’s Miniature Optical
Communication Transceiver (MOCT) and the University of Florida’s CubeSat Handling of Optical
Multisystem Precision Time-Transfer (CHOMPTT)
Near-Infrared Detection with Variable Amplification
(NOVA) avalanche photodiode (APD) board.12 It
consists of an APD receiver, a TDC timer, and an
FPGA demodulator.
Avalanche Photodiode Chain
Incident laser light acts as the input signal for
the Laser Components InGaAs IAG200H5 avalanche
photodiode (APD) detector which has its peak sensitivity at a wavelength of 1550 nm. The sensitivity
of the APD detector is determined by a high voltage
bias applied to the APD, which is predetermined and
set prior to an expected crosslink exchange. This
high voltage is applied by a DC-DC boost converter,
which also monitors the supplied current. The APD
detector outputs a differential signal which is passed
through two programmable gain amplifiers (PGA)
in series. This amplified signal is passed along to
the time-to-digital converter (TDC) chain on another circuit board, discussed in Section . Figure
2 shows the APD receiver chain and associated in4
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puts and outputs of the APD board system. Figure
2 is a photograph of the NOVA APD board.

sensors and a Vrssi (Received Signal Strength Indicator voltage) reading. This Vrssi reading is proportional to the supply current the DC-DC boost converter provides to the APD, converted to a logarithmic scale by a logarithmic transimpedance amplifier
(TIA) to maximize the APD dynamic range. The
temperature and Vrssi values are read and reported
by an analog-to-digital converter ADC. This Vrssi
value is related to the instantaneous reverse current
(denoted as Irssi ) for APD operation. The maximum reverse current allowable for the APD is 1 mA.
With increased temperature, the responsivity curve
of the APD shifts such that a lower high voltage bias
is required to reach a given maximum current. As a
result, the temperature and Irssi must be monitored
to compute responsivity curves as the APD temperature fluctuates over mission operation conditions to
keep the current under the maximum allowable current. The APD breakdown voltage operates as the
functional limit of the high voltage setting. Beyond
this high voltage level, the APD begins to operate in
its Geiger mode range which can potentially damage
the APD. This breakdown voltage is directly related
to the maximum reverse current rating of the APD
and also changes with temperature.

Figure 2: Photograph of the NOVA APD
detector board. Near the top corner of the
board is the APD and the differential signal
outputs can be seen near the bottom corner
of the board, connected to the reverse side of
the board. The PGAs are on the reverse side
of the board and not visible in this image.

M = [1 −

(4)

To continuously operate at a gain of M = 10,
the reverse bias current curve must be frequently
updated as the mission environmental conditions
change. Since the reverse bias current is sensitive
to temperature changes, the readings for developing
a responsivity curve should be taken at as close to a
constant temperature as possible. Software has been
created to automate this data collection.

Figure 3: A block diagram of the APD receiver chain showing the input incident light
(pulse) and the differential signal output. It
also highlights the high voltage reverse bias
as an important APD setting to the system, and the telemetry as a monitored output. The telemetry includes temperature
readings from three temperature monitors on
the electronics board and the Received Signal
Strength Indicator voltage (Vrssi ).

In order to calibrate the receiver system while inorbit, a reliable APD input optical power needs to
be established. The dark current environment is defined as when no incident light is input to the APD.
This is a convenient environment to use to calibrate
the system, since optical power does not have to be
measured or estimated. When reading the dark current, the optical power is known to be 0 W, and all
system noise is known to be internal.

The gain of an APD is dependent on the high
voltage bias and temperature. The goal for this mission is to operate at an APD multiplicative gain,
or M , equal to 10. Equation 4 describes the relationship between the APD gain (M ) and the high
voltage bias (V ), the APD breakdown voltage (Vbr ),
and an n-parameter inherent to the type of APD.13
The APD is monitored through three temperature
Coogan

V −n
]
Vbr

Results of an automatic recording of the Irssi
plotted against the APD high voltage bias setting
is shown in Figure 4. The results of Figure 4 were
taken in a laboratory setting in a dark current environment; the APD board was enclosed in an opaque
box.
5
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These timestamps can then be used in a pulseposition modulation (PPM) scheme to receive data
at up to 50 Mbps, to calculate range down to 10 cm,
and for precision time-transfer with < 200 ps resolution. Figure 5 is an image of the FPGA board
and highlights the FPGA, the TDC, and the ADC
on the board.

Figure 4: Plot of measured APD dark current against high voltage reverse bias setting.
Figure 5: A photograph of the FPGA board
including the TDC and ADC locations.

Figure 4 follows the expected shape of a responsivity curve, an indication that the system is operating nominally. Additionally, the IAG200H5 has a
nominal dark current of 25 nA at M = 10 and this
curve reports a dark current of 25.5 nA at a high
voltage bias of 60.5 V. The operating range of high
voltages for the APDs being tested is 61 - 70 V. This
close matching to specification is another indication
that the system is operating nominally.
Software is being developed to automatically adjust the high voltage setting of the APD based on
a self-test that assesses the NOVA board temperatures and Vrssi . This software will collect readings of
reverse bias current (Irssi ) against high voltage bias
setting and then use this to estimate the M = 10
gain operational range.

The TDC system performance testing has been
initiated. Results of a single channel triggering on
the falling edge being fed a constant pulse rate input of 4.5 MHz from an FPGA modulator output
through a direct electrical connection is shown in
Figure 6. The pulse recording has a full-width,
half maximum (FWHM) of approximately 180 ps.
This is from a differential measurement of sequential timestamps. Converting this FWHM with the
1
e2 relationship to the Gaussian beam halfwidth gives
a measured single shot jitter of approximately 35 ps
- 45 ps.

Time-to-Digital Converter Chain
The differential signals from the NOVA board
are output through coaxial cables to another circuit board which houses the TDC chain system.
This TDC chain resides on the primary data processing circuit board along with the FPGA (fieldprogrammable gate array) for the system. The
differential signals are passed through a 16 kHz 1.1 GHz bandpass filter and then to two comparators which trigger on pulses at two independently
configurable thresholds. These two thresholds are
split into rising and falling edge events, such that
there are four events per detected optical pulse that
feed into the four input channels of the TDC. These
thresholds are determined by calibration data, link
knowledge, the APD board PGA settings, and the
Irssi value. These four timestamps are sent to the
FPGA, which combines the measurements for a single reported timestamp of a detected laser pulse.
Coogan

Figure 6: The TDC timing performance normalized histogram with a 180 ps FWHM.
Full Receiver Chain
The full receiver system will be tested in a “flatsat” configuration with free-space laser pulse capabilities. Figure 7 shows the block diagram of the
6
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Figure 7: A block diagram of the full time-transfer receiver chain including the APD and TDC
systems.
CLICK-B/C and MOCT use a Chip-Scale Atomic
Clock (CSAC) as the reference clock. MOCT has
the capability to set the slot width and guard time
with 500 ps of resolution. The rising and falling
edges of the modulated pulses have a jitter of less
than 30 ps.12 The CLICK-B/C current system performance is near this value at 35-45 ps jitter.
Unlike MOCT, CLICK-B/C does not use thermoelectric coolers (TECs) for temperature control
of the APD. CLICK-B/C will rely on conduction
from hardware mounts to regulate temperature and
will survey the temperature of the APD with three
temperature-monitoring chips on the NOVA board.
The NOVA board for CLICK-B/C fits a similar
form-factor as that of MOCT: the CLICK-B/C
NOVA board is 2.5 cm × 2.5 cm. The APD used
in MOCT is the Voxtel RIP1 series free-space InGaAs detector with a 200 µm active element and a
TIA and TEC integrated within the housing. The
CLICK-B/C receiver system will use the LaserComponents IAG200H5 which is also an InGaAs detector
with a 200 µm active element and integrated TIA,
but does not include a TEC in its package.
Both MOCT and CLICK-B/C use the TDCGPX2 which has the capability of using four channels individually for a sampling rate of 35 megasamples per second. The TDC-GPX2 can perform at
20 ps root-mean-squared (RMS) single-shot resolution per channel.

full receiver system, from the input at the APD to
the output timestamps of the TDC. This compares
to the University of Florida’s MOCT system.12 Like
CLICK-B/C, MOCT uses pulse-position modulation
(PPM) to encode data.
In a PPM modulation scheme, the arrival time of
a pulse relative to an expected nominal arrival time
encodes information. At the receiver, the arrival
time is compared with time slots of a known, fixed
width, Ts that translate to a symbol. Between sets
of slots for data decoding, there is a guard time, Tg ,
which is the minimum time needed between pulses
for decoding. The guard time is governed by the
transmitter, in our case an optical amplifier, which
needs time between pulses to maintain the required
peak powers to close the link.
The data rate for PPM, DP P M , can be calculated using Equation 5,
DP P M =

log2 (Ns )
Ns Ts + Tg

(5)

where Ns is the number of slots.12
Shorter guard times and shorter slot widths increase the data rate, but these conditions can also
increase the bit error rate (BER). Operating with
shorter guard times and shorter slot widths requires
higher precision and receiver system capabilities that
can perform at higher speeds. Additionally, the
transmitter would need to be more powerful to maintain high peak powers at short guard times.
Like MOCT, CLICK-B/C implements a Microchip SmartFusion2 FPGA and two Serializer/Deserializer (SERDES) running at 2 GHz on-board the
FPGA as the physical later of the modulator. Both
Coogan

Summary and Future Work
The growing interest in and expanding applications of small satellite constellation networks necessitates effective and reliable high-bandwidth com7
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munication between spacecraft. The CLICK-B/C
mission will demonstrate two-way time-transfer for
clock synchronization and data transfer at a rate of
≥ 20 Mbps over separation distances ranging from
25 km to 580 km.
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